Insufficient receiver bandwidth destroys the orthogonality of Nyquist-shaped pulses, generating inter-symbol interference (ISI). We propose using an optical pre-sampler to alleviate the requirement on the receiver bandwidth through pulse re-shaping. Experiments and simulations using an optically shaped 40-Gbaud Nyquist-shaped on-off-keying signal (N-OOK) show receiver sensitivity improvements of 4-and 7.1-dB under 18-and 11-GHz receiver electrical bandwidths, respectively.
before the receiver. Additionally, OTDM demultiplexing showed further sensitivity improvement by gating amplified spontaneous emission (ASE) noise [14] . Further practical considerations in OTDM demultiplexing, such as the gating window width and extinction ratio [15] , have also been analyzed. These studies show that receiving signals on short optical pulses, either through optical sampling or RZ encoding, reduces signal degradation from ISI and ASE-ASE beating. However, while carrying data on short optical pulses is advantageous for receivers, such signals have a wide bandwidth, which can limit achievable signal throughput in wavelength division multiplexing. This then suggests that a system which transports Nyquist-shaped signals, but receives RZ coded signals, may simultaneously provide efficient spectral utilization, and reduced impairments from ISI.
In this work, we focus on bandwidth limited reception of Nyquist-shaped IM/DD signals. Nyquist-shaped signals are transmitted with high spectral efficiency, and at the receiver, they are converted to RZ-shaped signal for better sensitivity. A single photo-detector and optical sampling at one sample-per-symbol with a 33% duty-cycle sampling pulse are used in this work. Our assumption is the signal's baud rate is 2 to 4 times of the receiver's electrical bandwidth, in other words, the receiver's electrical bandwidth is 25% to 50% of the signal's baud rate. This is an extension paper of the work we presented at the Optical Fiber Communication Conference (OFC) [16] , in which we discussed optical sampling of an electrically-shaped Nyquist on-off-keying (N-OOK) signal. In this paper, we focus on optical sampling of an optically shaped N-OOK signal and make further analysis into factors such as the optical sampling pulse width and the sharpness of the magnitude response of the receiver. Simulations show that optical pre-sampling can improve receiver sensitivity for optically-shaped N-OOK signals under a number of receiver bandwidths. In our proof-of-concept experiment, we use a 4 × 10-Gbaud orthogonal time division multiplexing (OrthTDM) signal to emulate an optically-shaped 40-Gbaud N-OOK signal and show that optical sampling can improve the sensitivity of a band-limited 18-GHz receiver by 4 dB.
Principle of operation
Figure 1 (a) shows three detection systems for optically shaped N-OOK with their eye diagrams and electrical spectra. With sufficient receiver bandwidth (upper system), there is a clear and short optimal sampling window for each symbol period, as observed in the eye diagram. If the receiver is bandwidth-limited (middle system), such that the receiver's electrical bandwidth is 25% to 50% of the signal's baud rate, there is significant degradation due to the attenuation of the high frequency components, causing ISI. In our proposed system (bottom system), the
Conventional System degradation due to insufficient bandwidth is reduced by the optical pre-sampler.
The optical sampling at one sample-per-symbol can be viewed in the frequency domain as a convolution of the signal spectrum and a frequency comb, leading to repeated frequency components and spectral "whitening" [17] . As indicated in the bottom row of Fig. 1(a) , the repeated frequency components from the sampling operation allow for reshaping through filtering. In our previous works [18, 19] , the repeated frequency components have been shown to increase tolerance to band-limiting effects of optical filters in transmission links. The effects observed in these previous investigations are conceptually similar to the effect of optical sampling and receiver electrical bandwidth limiting filters in this investigation.
Alternatively, this approach can be explained in the time domain. Figure 1 (b) shows the envelope of the optical field of an optically shaped 40-Gbaud N-OOK signal [3, 20] before and after optical sampling. The envelope has negative excursions, which are π phase shifts to the optical carrier. As each '1' data bit is a sinc pulse with long tails that change sign from bit-slot to bit-slot, the tails of adjacent 1-bits will partially destructively interfere (e.g the blue and red traces), whereas 1-bits separated by two bit slots have tails that constructively interfere (e.g. the blue and green traces in Fig. 1(b) ). Because the sincs have long tails, many 1-bits will contribute to the total field at a given instant; but zero bits will not contribute as they are encoded as zero power. Thus the total field will depend on the pattern of data sent. Fortunately, if there is no bandwidth limitation, the zero-crossing points of all of the tails align with the peak of the wanted pulse; this is the sampling time that will give zero-ISI. However, if the receiver has insufficient bandwidth, the low-pass filter (LPF) distorts the symbols, causing a loss of orthogonality between adjacent symbols, and there will not be a sampling time that will give zero-ISI. Optical sampling (that is, sampling before the photodiode (PD)-induced bandwidth limitation) selects the peak of the desired data-bit's sinc, and suppresses the tails of the preceding and following sincs away from the crossing points. Thus, there is very little energy left in the tails of the preceding and following sincs, energy that would have caused ISI after band-limiting. This means that the electrical waveform becomes much less dependent on the data pattern, reducing the variances of the traces corresponding to the 1 and 0 bits.
In this work, we used Gaussian pulses to sample optically shaped N-OOK signals. When the optical sampling pulses are significantly narrower than the bit-period of the N-OOK signal, the optically shaped N-OOK symbols are transformed into return-to-zero (RZ) symbols through optical sampling. If the sampling pulse width is equal to or less than 0.44× the symbol duration, the sampled signal is roughly RZ-shaped with some inter-symbol-interference from other symbols. In Fig. 2 , optical spectra, electrical spectra and eye-diagrams of optically shaped 40-Gbaud N-OOK and 40-Gbaud RZ signals are compared. The bandwidth-limiting is modelled by a 4 thorder Bessel electrical low-pass filters. In particular, the spectra shown in Fig. 2 can qualitatively provide an explanation of ISI in direct-detection systems with limited receiver bandwidth. While in a coherent detection system, the electrical spectrum of the received signal is directly mapped from the optical signal, the spectra in Fig. 2(a) show that the optically shaped 40-Gbaud double side-band (DSB) N-OOK signal has a 40-GHz optical bandwidth centred around a carrier. If the electrical signal was solely due to the mixing of the carrier and the sidebands (as in coherent detection systems), a 20-GHz-wide electrical spectrum would be expected. However, additional frequency components are generated due to square-law photo-detection, causing mixing of all of the tones within both sidebands, to give a 40-GHz-wide electrical spectrum. As shown in the eye diagrams of Fig. 2(a) , limiting the electrical bandwidth causes substantial ISI.
There are trade-offs in using N-OOK in DD systems. N-OOK signals have a well-confined optical spectrum, which is suitable for multiplexing, all-optical routing and elastic networks [6, 7] . However, as shown in Fig. 2(a) , optically shaped N-OOK can be very sensitive to receiver bandwidth limitations, with the required electrical bandwidth exceeding the symbol rate for penalty-free reception. On the other hand, an RZ signal is less sensitive to limited receiver bandwidths, but an RZ signal occupies a much wider optical bandwidth during transmission, so limits the total achievable data rate by limiting the number of channels able to be multiplexed onto a given optical bandwidth. In this way, Nyquist-shaped signals are preferred for transmission, and RZ signals are more desirable for detection. Optical pre-sampling before photodetection combines the merits of both of them. Figure 3 shows the simulation setup for the optical pre-sampler. A 15 th -order pseudorandom binary sequence (PRBS) of 2 18 bits is simulated for each BER calculation. The optically shaped N-OOK signal is generated by modulating a Gaussian-shaped ultra-short optical pulse train, whose repetition rate is 40-GHz, with a 40-Gbaud electrical non-return-to-zero (NRZ) signal, followed by a 40-GHz rectangular optical band-pass filter (BPF) [20] . A zero roll-off, optically shaped 40-Gbaud N-OOK signal ("signal") centered at 1550.9 nm, is optically sampled by 3.67-ps width (120-GHz bandwidth), 40-GHz repetition rate short Gaussian pulses ("pump") centered at 1547 nm, in a HNLF to generate the optically sampled signal ("idler") at a new frequency through the FWM process. We simulate the sampling process using a HNLF to gain insight into the experiments presented in Sections 5 & 6. The HNLF is 1-km in length with a 1547-nm zero dispersion wavelength and 9.3 W −1 ·km −1 non-linear coefficient. The conversion efficiency of the FWM is about -10 dB. The idler is extracted by a 120-GHz optical band pass filter, an idler power set to 0 dBm average power by a noiseless EFDA to simplify simulation. The signal is then sent to an amplified receiver, where an attenuator varies the received optical power, and noise is added through amplification with an EDFA which has 25 dB gain and a 5.5 dB noise figure. This "back-to-back" set-up provides a general benchmark of receiver sensitivity, independent of the link placed before the receiver. We are assuming that our proposed system is primarily of interest for short-reach systems where OSNR is high. We further assume that in order to employ high bandwidth signals in a direct-detection system, optical dispersion compensation is to be used. Under these assumptions, our results should provide a good indication of the sensitivity improvements enabled by our proposed optical sampling front-end. The 3-dB bandwidth of the electrical low-pass filter (LPF) after the photodiode was switched between 11 to 62 GHz to emulate receiver bandwidth limitations, as shown in Fig. 4 . The performance of systems with a sharp brick-wall rectangular filter (implemented as a 30 th -order Gaussian filter, red traces in Fig. 4 ) and a slow roll-off filter (4 th -order Bessel filter, blue traces in Fig. 4 ) are compared. The brick-wall filter resembles a digitally-defined filter used in some real-time digital oscilloscopes, and more generally the effect of anti-aliasing filters in receiver sampling front-ends. The Bessel filter is more typical of analog bandwidth limits (e.g. photodiode response). Note that the time-bandwidth product of the sampling pulses is 0.44, which is the transform limit for Gaussian pulses. Figure 4 shows the simulated BER versus received optical power for signals and idlers under various electrical filter bandwidths. The Bessel filter (blue traces) and the rectangular filter (red traces) mentioned above are simulated. The solid lines represent signals without optical pre-sampling, and the dashed lines indicate idlers or optically sampled signals. We define the receiver sensitivity here as the required received power (average power into the preamplified reciever shown in Fig. 3 ) in order to reach a BER of 3.8 × 10 −3 , assuming a commonly used second-generation, 7% overhead, concatenated hard-decision forward error correction (HD-FEC) code. When the receiver bandwidth is set by a 11-GHz Bessel filter, error-free operation below the FEC threshold can be achieved with optical sampling, providing 7.1-dB sensitivity improvement. When brick-wall filtering is applied, optical sampling provides no improvement and error-rates are well above the FEC threshold. Figures 4(b Fig. 4 , the traces for 62-GHz filters follow the same tendency, but there is a 3.3-dB sensitivity improvement from optical sampling. We attribute this base line sensitivity improvement to the RZ shaping [10] [11] [12] [13] [14] [15] . Given the same average power, compared with the N-OOK signal, the low duty-cycle RZ signal has 3.3 times higher power for its "1" level. Figure 5 (a) summarizes the sensitivity versus electrical filter bandwidth, when the receiver bandwidth is modelled as a 4 th -order Bessel filter. The sampling pulse width is set to 3.67 ps, which corresponds to a 120-GHz pump bandwidth, and the electrical filter at the receiver is 4 th -order Bessel filter. Comparing the two lines in Fig. 5(a) , the optically shaped N-OOK signal requires a higher power for all bandwidths investigated. As the bandwidth is increased, the difference between the sensitivities for the sampled idler and the optically shaped N-OOK signal are reduced. This shows that, predictably, the optically shaped N-OOK signal has a larger penalty than the sampled signal (idler) as receiver bandwidth is reduced. The optical pre-sampler improves the receiver sensitivity by 3.1 dB for a 20-GHz electrical filter bandwidth, and 7.1 dB at 11-GHz bandwidth. Figure 5 (b) plots BER versus pump bandwidth. The measurement is taken with an 18-GHz low-pass 4 th -order Bessel filter at the receiver. According to Fig. 5 (b) optical sampling with 80-GHz pump bandwidth outperforms sampling with 120-GHz pump bandwidth, and this conclusion is consistent with our experimental results in the following section. When the pump bandwidth is less than 40 GHz, the sampling pulses with a repetition rate of 40 GHz start to overlap. Thus the optical sampling gate will not be completely closed. When the pump bandwidth is larger than 120-GHz, due to the optical and electrical filters in the system, the received signal power before the PD is reduced. In addition, as the increase of pump bandwidth, the spectra of the pump and idler may be partially overlapped. Among the parameters swept in the simulation, 40-GHz and 60-GHz bandwidths give maximum performance.
Simulation setup

Simulation results
Experimental setup
We now validate the conclusions drawn from our simulations through a proof-of-concept experiment. Figure 6 shows the experimental setup of an optically shaped 40-Gbaud N-OOK transmitter and a receiver with an optical pre-sampler, which is conceptually similar to the simulation described in Section 3. The optically shaped 40-Gbaud N-OOK signal was sampled by short optical pulses with a 40-GHz repetition rate. The signal is emulated by time-division multiplexing of four optically shaped, 25% duty cycle, 10-Gbaud N-OOK signals. An ERGO mode-locked laser, centered at 1555.5 nm, generates frequency comb lines with 10-GHz spacing and 1.4-ps optical pulses. The frequency comb is amplified by an erbium-doped fiber amplifier (EDFA) to 21.8 dBm and spectrally broadened through self-phase modulation (SPM) in a normally-dispersive highly nonlinear fiber (HNLF) (508 m length, -0.5 ps/nm/km dispersion @ 1550 nm, 0.016 ps/nm 2 /km dispersion slope @ 1550 nm, 11 W −1 ·km −1 non-linear coefficient). 
Sampling pulse Generation
Signal Generation Two outputs of a wavelength selective switch (WSS) are used for the signal or sampling pulse generation.
The sampling pulse train is generated by filtering the 10-GHz spacing comb lines with the WSS and two delay-line interferometers, and it is centered at 1547 nm with a 40-GHz repetition rate.
Nyquist signals can be generated optically by either filtering modulated signals [6, 7, [20] [21] [22] [23] or by modulating sinc-shaped optical pulses [3, [24] [25] [26] . These reduce the requirements on DSP and DACs, while being able to operate over very high bandwidths [22] . In this experiment, the optically shaped 40-Gbaud N-OOK signal is generated by modulation of the frequency comb and time division multiplexing. The WSS-filtered frequency comb with 40-GHz bandwidth, 10-GHz frequency comb spacing and 1550.9-nm center frequency, is intensity modulated by a 10-Gbaud PRBS-15 signal, and then de-correlated and time division multiplexed by 4 times with a Pritel optical clock multiplier. The intensity modulator is biased at quadrature point and driven to maximize the extinction ratio. The time alignment between the signal and gating pulses is achieved by tuning the variable optical delay line. Note that since the Nyquist-shaping WSS has a 10-GHz granularity, there is a deviation in the Nyquist-shaping filter responses between the experiment and the simulation. The influence on the experimental results will be discussed in Section 7.
The optical sampler is a 1-km HNLF with 1547 nm zero dispersion wavelength (ZDW), and 0.074 ps/nm 2 /km dispersion slope at 1550 nm. The signal and pump powers at the input of the WDM coupler are 2.2 dBm and 15.5 dBm respectively. Polarization controllers are used to align the signal and pump polarizations for maximum FWM efficiency. A WSS extracts the idler by applying a Gaussian-shaped band-pass filter at 1543.1 nm with 120-GHz bandwidth.
In the pre-amplified receiver, a variable optical attenuator (VOA) sets the average power at the input of the pre-amplified receiver, and 10% of the power is monitored by a power meter. Before photodetection, a 1-nm optical BPF reduces out-of-band noise produced by the receiver EDFA pre-amplifier. The photodiode is a Finisar XPDV3120 70-GHz photodetector. In the digital sampling oscilloscope (DSO), the sampling rate is 160 GSa/s. The anti-alias filter, which is a 9-bit FIR digital low-pass filter built into the oscilloscope, is switched between 18 and 62 GHz (Fig. 8 ). Figure 7 (a) shows the FWM spectra at the output of HNLF2 in blue. In the spectral domain, the idler carries the information of the signal with about -8 dB FWM conversion efficiency. The green and the red traces are the pump and signal before HNLF2. Comparing the three traces indicates the spectrum of the pump is broadened, and the signal's spectrum is shaped. We attribute pump broadening to SPM in the HNLF, and signal shaping due to a combination of SPM and cross-phase modulation (XPM) from the pump. We expect these processes to introduce some distortion on the idler. Figure 7(b) shows the electrical spectrum of the received idler limited by the 62-GHz LPF in the oscilloscope. This digital LPF has a sharp edge and a high extinction of 57 dB. The electrical spectrum fits well to a 0.02 roll-off raised-cosine filter response represented by a red dashed line. From the prior simulations, this brick-wall-like filter will have a strong effect on the received signal quality, dominating over the 70-GHz 3-dB bandwidth limit of the photodiode. Figure 7 (c) shows the eye-diagram of an optically shaped N-OOK signal at -31 dBm average power detected by a 62-GHz electrical bandwidth receiver, which has sufficient bandwidth to detect the optically shaped 40-Gbaud N-OOK signal. Figure 8 shows BER versus received optical power, as well as eye diagrams for the received optically sampled idler at -36 dBm average power. We plotted two separate curves for the idler, corresponding to Gaussian-shaped pumps with either 80-or 120-GHz bandwidths, which should ideally result in sampling pulses with 5.5-ps or 3.6-ps durations, respectively. We tested the performance with 18, 19, 20 and 62-GHz filters applied in the oscilloscope. For the 18-GHz and 19-GHz filters, the 120-GHz bandwidth sampling pulse produces worse sensitivity than the 80-GHz wide pulse ( Figs. 8(a) and (b) ), owing to the greater signal loss caused by the electrical and optical filters in the receiver. For the 18-and 19-GHz bandwidth receiver filters, we measured a sensitivity improvement of 4 dB for pre-sampling. With the 20-GHz filter, this improvement drops to 2 dB. With a 62-GHz filter applied, the improvement from optical sampling increases to 3.8 dB. This we attribute to full conversion of the idler to an RZ signal (as illustrated by the eye diagram), alongside a large susceptibility of the signal to timing jitter in the receiver due to the signal's pulse shape.
Experimental results
Discussion
Both the simulation and the experiment show that, for receiver bandwidths less than half the signal symbol rate, optical pre-sampling can improve sensitivity in optically shaped N-OOK systems. The main contributor to the improvement is the N-OOK to RZ conversion, as indicated in the simulation, and a minor contributor could be the reduced noise-noise beating due to the noise being time-gated by optical sampling [27] . Comparing the simulation and the experiment, we note that there are other factors besides the receiver bandwidth and the sampling pulses that define the receiver sensitivity. Most factors affect the results of signal and idler similarly, except for the optical Nyquist-shaping filter response. In the experiment, the WSS for optical Nyquist-shaping is set to 40-GHz rectangular BPF, but it has a basic optical transfer function of a 10 GHz Gaussian. The resultant optical spectrum has a roll-off softer than the simulated ideal rectangular spectra. According to [3] , the quasi-orthogonal property can be maintained in Nyquist pulses even when the roll-off is not zero, and the softer roll-off results in better tolerance to the bandwidth limitation. Therefore, compared with simulation, the optically shaped N-OOK signal in the experiment has better sensitivities, leading to reduced sensitivity improvements in the experiment. Note that we do not use any equalization stages in either simulations or experiments, with our receiver acting only as a simple threshold comparator. It may be possible to improve system performance through the use of an equalizer, at the cost of some computational complexity and processing latency. Moreover, the combination of optical sampling and equalization may enable Nyquist signal reception where equalization alone may not be sufficient for signal recovery.
There are several further challenges to be met in order to make our system of immediate use in installed communication systems. To use this proposed receiver in a densely packed Nyquist wavelength-division-multiplexed (NWDM) system, it requires sharp optical filtering such as a ringassisted Mach-Zender interferometer (RAMZI), which we have previously demonstrated [22, 28] . For future mass production, the mode-locked laser and the HNLF in this work should be replaced with on-chip frequency combs [29] and on-chip optical sampling [30, 31] . Moreover, the sampler used for this function must be synchronized to the clock of the incoming signal. This can be achieved in synchronous systems, or through a clock recovery/synchronization stage [32] , at the expense of some electronic control. These improvements also relate to reducing receiver complexity through integration onto a chip-based platform, which may help to reduce the extra costs expected in systems with increased complexity. Fundamentally, our proposal targets systems where the use of a higher bandwidth photodiode and electronic front end is either impractical or not possible, and a cost-benefit analysis should be done on that basis.
For further studies, it would be interesting to investigate the effect of optical sampling at one sample-per-symbol for coherent detection of Nyquist shaped signals, considering that parallel optical sampling has been shown to be advantageous for coherent detection [33, 34] . Moreover, the number of sampling stages in a WDM system might be reduced in a WDM receiver measuring multiple channels simultaneously. Ensuring that the sampled channels are sufficiently optically demultiplexed that upon sampling they do not spectrally overlap (causing inter-channel interference) would be key, as would be the time domain synchronization of such channels. This is less likely to be of benefit in a system employing wavelength routing, where a per-channel front end is likely to be necessary.
Conclusion
We have experimentally demonstrated that the quality of a direct-detected, optically shaped 40-Gbaud Nyquist OOK signal can be improved by optical pre-sampling in a band-limited system, where the receiver bandwidths are below the single-sided bandwidth of the optical signal. Proof-of-concept experiments using FWM in an HNLF show a receiver sensitivity improvement of 4 dB with an 18-GHz electrical bandwidth receiver, where this bandwidth limiting is performed by a brick-wall anti-aliasing filter. Simulations show that with a 4 th -order Bessel filter, emulating analog component responses, it is possible for optical pre-sampling to improve receiver sensitivity of an 11-GHz bandwidth receiver by 7.1 dB. This work shows that when the receiver's electrical bandwidth is about 25% to 50% of the signal's baud rate, the sensitivity measured at the receiver can be improved by optical sampling, especially for Nyquist-shaped signals.
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